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Abstract 
 
Cold-formed steel members are widely used due to their high resistance/weight 
ratio compared with other structural materials. They usually show high height-
to-thickness and width-to-thickness ratio values, so a special care has to be 
taken in the local instability phenomena. Web crippling is one of these 
instabilities, where the web buckles due to concentrated transverse forces. 
Different studies have been carried out during last years to develop new ways 
to predict the phenomenon more accurately than with the existing rules in 
EN1993-1-3, inasmuch as the actual proposal gives inaccurate results. One of 
such studies was conducted by Bock et al. (2013) for stainless steel members 
in the SAFSS project, which presents a new proposal for determining the web 
crippling resistance in stainless steel sections. The aim of this minor thesis is to 
see if Bock et al. (2013) new proposal for stainless can be verified for SHS and 
RHS carbon steel sections. The results of this study are obtained from a 
numerical model (ABAQUS). 
 
 
Resum 
 
Els elements d'acer conformats en fred són molt útils donat el seu elevat ràtio 
de resistència/pes en comparació amb altres materials estructurals. 
Generalment són elements amb valors elevats en ràtios com altura/gruix i 
amplada/gruix, pel que s'ha de tenir una especial cura amb els fenòmens de 
inestabilitat, entre els quals es troba el web crippling, o abonyegament de 
l'ànima, sota càrregues transversals localitzades. Des de fa temps, s'ha 
realitzat estudis, per desenvolupar noves fórmules que permetin determinar el 
fenomen d'una forma més acurada que amb la que hi ha a la normativa existent 
EN1993-1-3, ja que aquesta dona resultats imprecisos. Un d'aquests estudis 
s'ha dut a terme per Bock et al. (2013) per acer inoxidable en el marc del 
projecte europeu SAFSS project, on s'hi presenta una nova proposta de 
determinació de la resistència a web crippling per seccions d’acer inoxidable. 
L'objectiu d'aquesta tesina és mirar si es pot verificar la nova proposta d'acer 
inoxidable per acer al carboni en seccions SHS i RHS. Els resultats d'aquest 
treball s'obtindran a partir d'un model numèric (ABAQUS). 
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1 Introduction 
1.1 Background 
 
Carbon steel is the most common steel construction material; the main reason 
for this success is the low cost of production that carbon steel has compared to 
other kind of steels. Historically the 90% of world steel production is for carbon 
steel and the other 10% for alloys steels. While many items will continue to use 
this steel, the tendency is to reduce de carbon steel percentage; this decreasing 
phenomenon is caused by requirements to reduce the weight in construction 
structures. 
EN1993-1-3: 2006 is the existing European normative for carbon steel. This part 
is extensively applicable to all the different resistance cases for carbon steel 
and also applicable to other kinds of steel. Cold-formed stainless steel 
resistance sections are based in this part of Eurocode despite that there is a 
specific part for stainless steel (EN1993-1-4 (2006)); that sometimes refer to 
carbon steel design rules for stainless steel.  Therefore, is strongly important to 
study the applicability of these formulae to stainless steel. To achieve a better 
understanding of the behavior of stainless steel different research are being 
developed. 
Cold-formed elements are very slender, presenting high ratios of strength / 
weight ratio, compared to other structural materials, so that phenomena are 
highly susceptible to buckling under the application of localized loads. The 
behavior of these elements is complex, and most existing expressions that 
determine its resistance were obtained by statistical fitting of experimental data, 
so it is essential checking on the types of items for which have not been tested. 
Web crippling is a critical localized buckling that occurs in the cold-formed thin-
walled members in areas or concentrated loads acting on supports on which the 
stresses are too high. It is significant problem in structures that are subjected to 
local transverse external loads or support reactions because are usually 
unstiffened against this type of loading. 
 
1.2 Minor thesis objectives 
 
This work is focused on the assessment of the new web crippling formula 
proposed by Bock et al. (2013) for stainless steel to carbon steel. 
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Framed in the European project "Structural applications of ferritic stainless 
steel: SAFSS" where the department of construction engineering in the 
Universitat Politècnica de Catalunya (UPC) is one of the partners; Bock et al. 
(2013) presented a modification of the existing formula in the EN1993-1-3 § 
6.1.7.3 (Unstiffened multi-web sections) for cold-formed stainless steel.  
The objective of this minor thesis is to verify the applicability of this developed 
proposal for web crippling in stainless steel to carbon steel. To carry out the 
validation a parametric study will be done with two common thin-walled cross-
sections, square hollow section (SHS) and rectangular hollow section (RHS). 
The study has been conducted through numerical modeling using Finite 
Element model using the FEM Abaqus CAE program with analysis methods that 
take into account imperfections and material and geometry nonlinearities, 
known as GMNIA (geometrically and materially non-linear analysis of the 
imperfect structure). 
 
1.3 Work program 
 
The web crippling phenomenon and all the existing papers found commenting 
this instability phenomenon in carbon steel will be explained in chapter 2. Also 
the actual design equations for this material and the new proposal where is 
based this minor thesis. 
2. Review of available data. Literature review: 
2.1 Study and causes of web crippling phenomenon and different load 
conditions. 
2.2 Research of the existing publications concerning the design of cold-
formed carbon steel members: experimental analysis, material 
modelling, numerical modelling, initial imperfections, residual stresses 
and background documents of current design guidance. 
2.3 Existing design rules focused in Eurocode 3 (EN1993-1-3: 2006) 
general rules for cold-formed members and sheeting. 
2.4 Explanation of the new proposal developed in the Universitat 
Politècnica de Catalunya (UPC) with the VTT Technical Research 
Centre of Finland for cold-formed steel in SAFSS project. 
 
Chapter 3 will introduce to the numerical model and begins the experimentation 
with the calibration of the plug-in. 
 
3. State of research: 
3.1 Introduction to the numerical analysis by finite element model (FEM) 
for the following sections. 
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3.2 Definition of the different geometries, materials, modeling procedures 
(developed tests, element type and study of the mesh and corner 
segments convergence) and the analysis definition.    
3.3 Calibration of the numerical model with different steel section and 
materials in order to adjust the plug-in to carry out the parametric 
study. 
 
After a correct calibration, Chapter 4 will show the developed parametric carbon 
steel study with its results. 
 
4. Parametric study: Web crippling in carbon steel: 
4.1 Explanation of performed tests (IOF, EOF and 4-point bending) 
sections, material model and the initial imperfection. 
4.2 Internal support test results for studied sections and results for a 
deeper study of fillet radius and plate length. 
4.3 External support test results for studied sections and results for a 
deeper study of fillet radius and plate length. 
 
The previous obtained results will be commented in Chapter 5. 
 
5. Analysis results: 
5.1 Review of the previous results in IOF and EOF tests. Also comments 
of the influence of the fillet radius and the length of application load, 
comparing them with the EN1993-1-3 results and the new proposal. 
 
Finally, Chapter 6 introduces the mainly conclusions of the minor thesis. 
 
6. Conclusions: 
6.1 This chapter summarizes the previous ones, focus in the importance 
of the actualization of the Eurocode 3, Part 1-3 equation 6.1.7.3 and the 
validation of the new proposal for carbon steel.  
 
 
    
10 
 
  
    
11 
 
2 Literature review 
 
2.1 Web Crippling  
 
Cold formed elements are very useful because of their high strength / weight 
ratio compared with other structural materials. Generally are elements with high 
values in ratios as depth / thickness and width / thickness, so special care must 
be taken in regard to the phenomena of instability: Local buckling, web 
crippling, shear buckling, distortional buckling and global (overall) buckling. 
 
Web crippling is a critical localized buckling that occurs in the cold-formed thin-
walled members in areas or concentrated loads acting on supports on which the 
stresses are too high. It is a significant problem in structures that are subjected 
to local transverse external loads or support reactions because are usually 
unstiffened against this type of loading. Figure 2.1 shows a section subjected to 
web crippling. 
 
 
Figure 2.1 Section subjected to web crippling 
 
According to the section and its dimensions, the web can buckle, suffer web 
crippling and often a combination of both phenomena. This condition can 
reduce the bearing capacity of elements subjected to bending, since the flexural 
capacity becomes governed by resistance of the web to web crippling. 
 
Theoretical analysis of web crippling in thin-walled members under 
concentrated loads is quite difficult, although attempts toward this exist and are 
also currently in development, because appears a large number of factors, such 
as non-uniform distribution stresses, initial web imperfections, local plastification 
regions where the load is applied, the elastic and inelastic stability of the web, 
and other factors. Hence, most of the research has been based on experimental 
results on carbon steel, and all the predictions and recommendations have 
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focused on this type of steel. Therefore, the web crippling equations are 
generally empirical. 
 
The major drawback of these empirical equations is that they are limited to the 
range for which they have been tested and do not provide a clear view of the 
structural behavior. 
 
In general, current design rules provide empirically defined formulae for the 
calculation of web crippling strength of cold-formed steel members. Four 
different loading conditions, as shown in Figure 2.2, can generally be 
distinguished: 
 
- EOF = End One-Flange loading 
- IOF = Interior One-Flange loading 
- ETF = End Two-Flange loading 
- ITF = Interior Two-Flange loading 
 
 
Figure 2.2 Different web loading conditions (hw = height of web). 
 
If the distance between the edges of the bearing plates on opposite sides of the 
web is more than 1.5 times the web height hw, one-flange loading is assumed to 
govern. If the distance is less than 1.5 times the web height, two-flange loading 
is assumed. Moreover, if the distance from the end of the member to the outer 
edge of the bearing or support plate is less than 1.5 times the web height, the 
loading is assumed to be end loading. If the distance is more than 1.5 times the 
web height, interior loading is assumed. 
Obtaining the ultimate load of web crippling tends to be a cumbersome design 
procedure. To assist designers it is therefore necessary to develop equations 
that provide a reasonably fast and efficient web crippling check. 
Below is presented an overview of the research that has been carried out so far 
in carbon steel, as well as a brief summary of the experimental tests carried out 
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in this kind of steel and content presentation different standards when it refers 
to this phenomenon. 
 
2.2 Research in Carbon Steel 
 
By one hand, most of the research in the ultimate web crippling strength of cold-
formed steel sections has been experimental because of the many factors 
influencing, but also finite element modeling has been used to model web 
crippling behavior. On the other hand, some authors as Bakker (1992) and 
Hofmeyer (2000) have also created so-called mechanical models to explain and 
reproduce the phenomenon in order to develop theoretical expressions. 
The current design methods are based on curve fitting from experimental 
results for several authors which has been criticized by Rhodes and Nash 
(1998) for two main reasons: "(1) the rules are strictly confined to the range for 
which they have been proven, and (2) it is often difficult to ascertain the 
engineering reasoning behind the different parts of the rather complex 
equations". Hofmeyer thought the same which is seen in his paper Hofmeyer 
(2000). For these reasons, a number of researchers have worked to create 
mechanical models that could be used to produce more accurate and 
descriptive design methods for web crippling. At the University of Eindhoven in 
the Netherlands have been achieved promising results, however, these 
methods have not yet been incorporated in design practice. 
There have been a great amount studies involving web crippling strength of 
carbon steel. The first research on web crippling was conducted by Winter and 
Pian (1946) in Cornell University. They first identified the four load cases used 
in web crippling studies. Based on their tests, Winter and Pian (1946) found that 
the web crippling strength of unreinforced webs depends primarily on the yield 
strength of the steel and on the geometric ratios of sections which are still used 
in current web crippling equations.  
Thenceforth, Baehre (1975), Hetrakul and Yu (1978), Yu (1981) and Studnicka 
(1991) have carried out comprehensive experimental studies on interior loading. 
End One-Flange (EOF) loading on multi-web deck sections tests were 
performed by Hetrakul and Yu (1978), Yu (1981), Studnicka (1991), Gerges 
(1997) and Avci and Easterling (2002). Finally, the interaction of bending and 
web crippling of multi- web deck sections was studied by Gerges (1997), and 
Wing (1981). Experimental studies on web crippling of high strength steel 
beams under the four load conditions and involving channel sections and hollow 
sections were also performed by Santaputra et al. (1986), Young and Hancock 
(2003) and Zhao and Hancock (1995). 
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An alternative method for the web crippling study, called mechanical models, 
has also been proposed by some researchers. These mechanical models are 
based on mechanics rather than curve fitting of experimental results and 
describe the behavior of sections. 
Bähr (1978) developed an analytical model for the prediction of ultimate load for 
sheeting under pure concentrated load at an end support. Bakker (1992) used 
the yield line theory to create a numerical model to simulate web crippling of a 
cold formed steel hat section where he aimed to reduce the statistical deviation 
between experimental data and theoretical load capacity instead of design 
equations. Reinsch (1983) developed a mechanical model to determine the 
failure load of sheeting taking into account the moment redistribution. Tsai and 
Crisinel (1946) developed a mechanical model for the prediction of ultimate load 
of sheeting. Vaessen (1995) developed two different models for the prediction 
of the ratio between force and web crippling deformation. Hofmeyer (2000) 
developed post-failure mechanical models covering all post-failure modes. 
Nowadays, the research work is focused on the determination of the failure 
mechanical models based on the yield line theory, to create a simplified and 
generalised expression for the web crippling strength of cold-worked sections. 
Three different mechanical models (see figures 2.26 to 2.28), depending on the 
problem and cross-section geometry, can be distinguished according to Bakker 
(1992) and Hofmeyer (2000): the rolling, the yield arch and the yield eye 
mechanism. 
 
 
Figure 2.3 Yield arc Post-failure and rolling post-failure graph. Hofmeyer 
(2005) 
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The rolling mechanism is dominant when sections are subjected to large 
concentrate loads and small bending moments (or short span lengths or 
impractically short load bearing plates). 
The yield arc and the yield eye mechanisms act when sections are subjected to 
both large concentrate loads and large bending moments like in practice. 
The third post-failure mode is an unsymmetrical variant of the yield arc 
mechanism and was named the yield eye post-failure mode. Therefore only the 
yield-arc and yield eye mechanism are relevant for practical considerations. 
 
 
 
Figure 2.4 Yield arc/rolling eye. Hofmeyer (2000) 
 
 
 
Figure 2.5 Yield arc Post-failure and rolling post-failure mode. Hofmeyer(2000) 
 
A new model which insight the structural behavior of steel sections based on 
two existing models was developed by Hofmeyer et al. (2001). This model has 
been compared to experimental data carried out by Wing (1981) and Hofmeyer 
et al. (1996), and also to EN1993-1-3 (2006). 
Hofmeyer also worked on the behavior of omega carbon steel sections in 
Hofmeyer (2005) and checked whether the cross-sectional behavior (location 
and movement of yield lines) can be described by bidimensional finite element 
models. The conclusions showed that for small corner radii the behavior of the 
whole section and the 2D stripes is equal but not for large radii. However, the 
first yield line movement and location is equal for all corner radii and therefore, 
the only usage of a bidimensional strip is enough to investigate the total section. 
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2.3 Existing design rules 
 
Eurocode 3: Part 1.3 
In the European framework, in which this minor thesis is focused, the web 
crippling design rules in specifications for stainless steel structures are adopted 
from the specifications for carbon steel structures. The web crippling design 
rules for carbon steel cold formed members can be found in EN1993-1-3 
(2006). 
Other specifications for the design of cold-formed steel structural members are 
the Australian/New Zealand Standard, AS/NZS 4673 (2001) and the American 
Society of Civil Engineers Specification, ASCE (2002). The web crippling design 
rules in these specifications are generally classified into the aforementioned 
four loading conditions. In addition, the American Design Standard specification 
NAS (2004) proposes an integrated formula which involves the four load cases. 
EN1993-1-3 § 6.1.7.1 shows that there are three procedures to calculate the 
web crippling resistance, which differences between unstiffened and stiffened 
webs. The resistance of the former is calculated considering the number of 
cross section webs whereas the latter is estimated multiplying the 
corresponding value for a similar unstiffened web. 
 
2.3.1- General 
 
To avoid crushing, crippling or buckling in a web subject to a support reaction or 
other local transverse force applied through the flange, the transverse force     
shall satisfy: 
          (eq. 2.1) 
  
Where: 
     is the local transverse resistance of the web. 
The local transverse of a web      should be obtained as follows: 
a) For an unstiffened web: 
- For a cross-section with a single web. 
- For any other case, including sheeting. 
b) For a stiffened web. 
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Where the local load or support reaction is applied through a cleat that is 
arranged to prevent distortion of the web and is designed to resist the local 
transverse force, the local resistance of the web to the transverse force need 
not be considered. 
In beams with I-shaped cross-sections built up from two channels, or with 
similar cross-sections in which two components are interconnected through 
their webs, the connections between the webs should be located as close as 
practicable to the flanges of the beam. 
 
2.3.2- Unstiffened single-web sections  
 
(1) For sections with an unstiffened single-web, the local web strength can be 
determined as specified in EN1993-1-3 § 6.1.7.2, and sections must satisfy the 
following criteria: 
r t          
 
(eq. 2.2a) 
h  t       
 
(eq. 2.2b) 
                 
 
(eq. 2.2c) 
 
Where: 
 h   is the web height between the midlines of the flanges 
 r   is the internal radius of the corners 
 t  is the section thickness and is the angle of the web relative to the flanges in 
degrees.  
 
 
Figure 2.6 Examples of cross-sections with a single web. EN1993-1-3 (2006) 
 
Some examples of unstiffened single-web sections are presented in Figure 2.6. 
The formulation is described in Figure 2.7 and 2.8 for a local load or support 
reaction and for two opposing local transverse forces respectively. 
 
(2)For cross-sections that meet the criteria specified in (1), the local cross-
strength of a web Rw, Rd can be determined as shown in Figure 2.7 and Figure 
2.8. 
 
(3) The values of the coefficients    to    should be determined as follows: 
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a) For a local load or support reaction 
 
i) c ≤ 1.5h  clear from a free end 
- For a cross-section with stiffened flanges 
 
                                                          (eq. 2.3a) 
 
- For a cross-section with unstiffened flanges 
- If      ≤ 60 
 
                                                          (eq. 2.3b) 
 
- If      > 60 
 
  
                                                                     (eq. 2.3c) 
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Figure 2.7 Unstiffened single-web sections undergoing a local load or support 
reaction 
 
 
 
 
 
 
 
b) For two opposing local transverse forces closer 
together than 1.5    
 
i) c ≤ 1.5h  clear from a free end 
 
     
      [     
    
  ] *      
  
 +  
     
   
 
 
 
                                                              (eq. 2.3f) 
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    ] *       
  
 +  
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    ] *          
  
 +  
     
   
 
 
ii) c > 1.5h  clear from a free end 
 
- If      ≤ 60 
 
 
                                                       (ec. 2.3d) 
 
- If      > 60 
 
 
                                                       (eq. 2.3e) 
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c > 1.5h  clear from a free end 
 
 
     
      [     
    
    ] *        
  
 +  
     
   
 
 
                                                                (eq. 2.3g) 
Figure 2.8 Unstiffened single-web sections undergoing two local loads or 
support reactions 
 
 
If the rotation of the web is prevented, either by an appropriate restriction or 
because of the geometry of the section (for example, I-beams, see the fourth 
and the fifth from the left in Figure 2.6), then the local transverse resistance    
from a web     , can be determined as follows: 
 
a) For  a  single  reaction  charge  or  support 
 
i) c <1.5    (at or near the free edge thereof) to a cross section with 
stiffened and unstiffened wings 
     
  *       √
  
 +  
    
   
 
 
 
 
(eq. 2.4a) 
 
 
II) c> 1.5    (away from free edge) to  a  cross  section  with 
stiffened  and  unstiffened  wings 
     
  
   *         √
  
 
+     
   
  
 
 
(eq. 2.4b) 
 
 
 
b) opposite  loads  or  reactions 
 
    
21 
 
 
i)  c <1.5    (at or near the free edge thereof) to  a  cross  section  with  
stiffened  and  unstiffened  wings 
     
      *       √
  
 
+     
   
  
 
 
(eq. 2.4c) 
 
 
 
ii) c> 1.5    (loads or reactions away from free edge) to  a  cross  
section  with  stiffened  and  unstiffened  wings 
 
     
    *         √
  
 +  
    
   
 
 
 
 
(eq. 2.4d) 
 
 
 
Where the values of coefficients from   
  to     should be determined as follows: 
 
 
 
  
             
 
        
      
   
 
 
         / t / 750    if      / t < 150;              if       / t > 150 
 
         if      / t < 66.5 ;         (1.10 -    / t / 665) / k    if      / t > 66.5 
 
               / 1.9 
 
            / t / 865) / k 
 
                / 1.9 
 
 
Where: 
     /228   [With     in N/mm
2] 
     is the nominal length of stiff bearing. 
 
In the case of two local transverse forces equal and opposite support distributed 
over not equal lengths, one should use the lowest value of     . 
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2.3.3- Unstiffened multi-web sections 
 
The procedure is described in EN1993-1-3 § 6.1.7.3 and sections must satisfy 
the following criteria: 
 
r t                 
 
(eq. 2.5a) 
h  t                    
 
(eq. 2.5b) 
           (eq. 2.5c) 
 
Where: 
 h  is the web height between the midlines of the flanges. 
 r is the internal radius of the corners. 
 t is the section thickness and  is the angle of the web relative to the flanges in 
degrees. 
 
Some examples of unstiffened multi-web sections are presented in figure 2.24. 
The formulation is described as follows. 
 
        
  √     
(     √r t)[    √          t ]         0)
 )
 
 1
 
 
 
(eq. 2.6) 
 
 
Figure 2.9 Examples of cross-sections with a multiple webs. EN1993-1-3 
(2006) 
 
Where: 
 la is the effective bearing length for the relevant category (see Figure 2.10) . 
  is the coefficient for the relevant category (see formulae 2.8). The maximum 
design value for la=200mm. 
 
When the support is a cold-formed section with one web or round tube, for Ss, 
should be taken a value of 10mm. The relevant category (1 or 2) should be 
based on the clear distance e between the local load and the nearest support, 
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or the clear distance c from the support reaction or local load to a free end (see 
Figure 2.10). The value of the effective bearing length la should be obtained 
from the following: 
 
a) For Category 1: 
 
        (eq. 2.7a) 
  
 
b) For Category 2: 
 
-                       
 
(eq. 2.7b) 
-                             
 
(eq. 2.7c) 
 
- d                  Interpolate linearly between the values of   for 
0.2 and 0.3 with: 
 
   
|     |  |     |
|     |  |     |
 
 
 
(eq. 2.7d) 
 
In which: 
 |     | and |    |are the absolute values of the transverse shear forces on each 
side of the local load or support reaction, and |     |  |     |. 
    is the length of stiff bearing. 
 
a) For category 1: 
- Sheeting profiles:                                       0.075                  (eq. 2.8a) 
- Linear trays and hat sections:                     0.057                (eq. 2.8b) 
 
b) For category 2: 
- Sheeting profiles:                                       0.015                  (eq. 2.8c) 
- Linear trays and hat sections:                     0.0115              (eq. 2.8d) 
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Category 1 
- Local load applied with         clear 
from the nearest support; 
(ITF) 
 
 
 
 
Category 1 
- Local load applied with         clear 
from a free end; (EOF) 
 
 
 
 
Category 1 
- Reaction at end support with         
clear from a free end; (EOF) 
 
 
 
 
Category 2 
- Local load applied with         clear 
from the nearest support; 
(IOF) 
 
 
 
 
Category 2 
- Local load applied with          clear 
from a free end; (IOF) 
 
 
 
 
Category 2 
- Reaction at end support with         
clear from a free end; (IOF) 
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Category 2 
- Reaction at internal support; (IOF) 
 
Figure 2.10 Relevant categories of multi-web cross section 
 
 
2.3.4- Stiffened webs 
 
The local transverse resistance of a stiffened web may be determined as 
specified in (2) for cross-sections with longitudinal web stiffeners folded in such 
a way that the two folds in the web are on opposite sides of the system line of 
the web joining the points of intersection of the midline of the web with the 
midlines of the flanges that satisfy the condition: 
 
  
    
 
     
 
(eq. 2.9) 
 
Where: 
      is the larger eccentricity of the folds relative to the system line of the web. 
(2) For cross-sections with stiffened webs satisfy the conditions specified in (1), 
the local transverse resistance of a stiffened web may be determined by 
multiplying the corresponding value for a similar unstiffened web, obtained from 
unstiffened single-web sections or unstiffened multi-web sections as 
appropriate, by the factor      given by: 
 
          
         
 
 but            
           
  
   
 (eq. 2.10) 
 
Where: 
   Is the developed width of the loaded flange. 
     Is the smaller eccentricity of the folds relative to the system line of the web. 
   Is the slant height of the plane web element nearest to the loaded flange. 
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Figure 2.11 Stiffened webs 
 
 
2.3.5-Combined bending moment and local load or support reaction 
 
 
Cross-sections subject to the combined action of a bending moment    , 
internal support test (IOF), and a transverse force due to a local load or support 
reaction     should satisfy the following: 
 
 
   
    
    
 
 
(eq. 2.11a) 
 
   
    
    
 
 
(eq. 2.11b) 
 
   
    
 
   
    
       
 
(eq. 2.11c) 
 
Where: 
     Is the moment resistance of the cross-section. 
     Is the appropriate value of the local transverse resistance of the web. 
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2.4 New proposal 
 
A new proposal for the modification of the existing formula in the EN1993-1-3 § 
6.1.7.3 (Unstiffened multi-web sections) has been presented in Bock et al. 
(2013). This proposal is framed in the European project "Structural applications 
of ferritic stainless steel: SAFSS" where the Department of Construction 
Engineering in the Universitat Politècnica de Catalunya (UPC) is one of the 
partners. 
This new proposal is: 
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(    √
       
 )
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 (    (
 
  )
 
)
    
 
 
 
 
(eq. 
2.12) 
Where 
       (eq. 2.13) 
 
    must be taken from: 
- Category 1 (EOF):             
 
(eq. 2.14a) 
- Category 2 (IOF):             
 
(eq. 2.14b) 
 
The three mainly differences have been proposed with the EN1993-1-3 formula:  
- Material nonlinearities influence: The material influence in the web 
crippling resistance is considered by means of the material proof 
strength (    ) because EN1993-1-3 is only applicable to carbon steel. 
Unlike carbon steel, stainless steel has rounded stress-strain 
behavior which might be considered in the web crippling strength 
calculation. In order to not include    parameter, which the value of    
must be known, the stress at 1.0% strain, σ1.0, has been included 
instead. 
- Although the internal radius is considered in the web crippling 
resistance, the EN1993-1-3 formulation is more conservative for small 
radius. The numerical simulations results showed that the ultimate 
web crippling strength follows an internal radii square root function. 
Moreover, it was noticed that the web crippling resistance decreases 
for increasing radius, which was taken into account in the new 
proposal formulation. 
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- Bearing length influence: The study has concluded that the bearing 
length in the IOF test (category 2) is properly considered. On the 
other hand, in the EOF test (category 1) the value of     has been 
changed a rewritten to keep consistency with category 2. 
 
In addition, three nondimensional coefficients (β, δ and ξ) have also been 
added to allow a better adjustment of the different parameters. 
And  ,  ,   and   worth: 
- Category 1 (EOF) 
 SHS/RHS Hat sections 
  0.07 0.085 
  2.14 1.65 
  0.22 0.13 
  2200 2275 
Figure 2.12 New proposal EOF parameters 
 
- Category 2 (IOF) 
 SHS/RHS Hat sections 
  0.13 0.15 
  0.59 0.65 
  0.14 0.11 
  2700 2600 
Figure 2.13 New proposal IOF parameters 
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3- Case studies  
 
3.1 Objectives 
 
The main objective of this minor thesis is to verify the applicability of the 
formulae developed by Bock et al. (2013) for ferritic stainless steel to carbon 
steel.  
 
Due to principal experimental test results in the literature for carbon steel 
subjected to web crippling were performed in open cross-sections and the 
present research is focused on rectangular hollow sections (RHS) and square 
hollow sections (SHS); the parametric analysis will be carried out on a 
numerical model of finite element based in Abaqus Code. This provides certain 
advantages that will be discussed fully below, but also some difficulties for a 
proper calibration of the numerical model. 
 
3.2 Numerical analysis by finite element 
 
Finite Element Method (FEM) is presented as a very strong tool in combination 
with the computational power available today for the analysis of any mechanical 
or physical phenomenon, and allows the study of these phenomena in a quick 
and cheap, without the high cost that would make a lot of tests. 
 
In complex phenomena where it is essential to study by testing experimental, 
this method allows the realization of many modeling of these trials with a much 
lower cost than the real tests, allowing the obtaining much more information and 
more accurate conclusions. 
 
The phenomenon of the web crippling is clearly one of the situations in which 
the use of finite element analysis can be beneficial. As seen above, the large 
number of factors that are involved in the phenomenon makes the 
experimentation troublesome. 
 
Therefore, in this work we will proceed to the creation of various numerical 
models that simulates different load conditions for various types of sections, so 
as to model calibration to verify that the results reproduce reality faithfully, and 
finally, it will perform a parametric study. 
 
To study thin-walled carbon steel members which take into account the different 
material behavior, a GMNIA (geometrically and materially non-linear analysis of 
the imperfect structure) will be carried out. To fulfill this objective the finite 
element analysis software Abaqus will be used. A versatile plug-in written in 
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python language, which automatically generates and calculates specimens 
depending on the input data has been developed together with VTT Technical 
Research Centre of Finland within the SAFSS project. 
 
In figure 3.1 is shown the used ABAQUS version 6.10. 
 
 
Figure 3.1 Abaqus CAE 
 
3.3 Plug-in 
 
The Plug-in generates the model in four simple steps: geometry, material, 
testing to model and mesh generation. Next are shown in more detail each of 
the steps. 
The Plug-in employee provides also the results of post processing: reports 
containing all the information of the model studied, such as the type of test, 
model material used and size of the item. It also provides the computing time 
used in the analysis and history of load increments and deformations, as well as 
critical and ultimate loads. 
 
3.3.1 Geometry meaning 
 
For the definition of the geometry of the cross section has a preset of more 
common cold formed sections (RHS, SHS, sections C with or without stiffening, 
sections in Z…) and just need to enter the parameters most representative 
each: height, width, thickness, inner radii, dimensions of the stiffeners ... Also 
allows defining the length of the part to be modeled. 
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3.3.2 Material modeling 
 
The models from which we can choose for the modeling of the material include 
elastic and elasto-plastic models, the Ramberg-Osgood law, the model 
Mirambell-Real and Rasmussen and Gardner changes. 
 
For this case Mirambell-Real is chosen a new model developed from Ramberg-
Osgood formulation, which was proposed by Mirambell and Real (2000) it 
includes also strain hardening effect and is able to describe the material 
behaviour more precisely for strains larger than 0.2%. It introduces a new 
Ramberg & Osgood curve originating from 0.2% stress and continuing with the 
same tangent modulus but with different parameter of non-linearity. The stress-
strain relationship is presented in eq. (3.1). 
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(eq. 3.1a) 
 
(eq. 3.1b) 
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(eq. 3.2) 
0.2% strain is      
    
  
       
 
 
 
(eq. 3.3) 
And the tangent modulus is 
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(eq. 3.4) 
 
 
Regarding the incorporation of materials Abaqus models, it should be noted that 
it is essential to a transformation of the nominal stresses and strains to other 
real, by the following expressions: 
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(eq. 3.6) 
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3.3.3 Modeling procedure 
 
The Plug-in developed can model different local and global tests as 
compression tests on short specimens, flexural buckling tests of constant 
flexion, besides the EOF and IOF tests typical of web crippling, which are to be 
developed more extensively. 
Web crippling tests that are implemented in the plug-in corresponding to the 
EOF and IOF rates, namely, concentrated loads introduced through a single 
web.  
Our work is focused on local instabilities, specifically in web crippling and 
consequently three different tests were modeled: 
 
- Interior load test: this configuration studies web crippling phenomenon 
when the load is placed at mid-span (IOF). 
 
- External load test: this configuration studies web crippling phenomenon 
when the load is placed at end support (EOF). 
 
- 4-point bending test: this test applies 2 loads placed at 1/3 of the 
member length to subject the specimen to pure bending. The 
configuration allows the study of interaction with bending in web crippling 
as well as the study of local buckling in members partially compressed. 
 
 
Figure 3.2 Internal and external test parameters 
 
The involved parameters in the tests are: 
  the length of the element 
    the length of the load application  
     and     the length of the metal plate that feeds the filler in the case of 
charge, or the length of support where load outside. 
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And dimensions typical of the cross section studied (height, width, thickness 
and inner radius). All these parameters can be entered by the user in the model 
using the Plug-in, which allows the realization of many different models. 
 
3.3.3.1 Developed tests 
 
Interior load test 
It is important to point out that the numerical model for multiple-web sections is 
slightly different from that for single-web ones. Since the latter sections are 
more susceptible to suffer flange curling which is a phenomenon that consist on 
an inward curvature towards the neutral plane, need to be modeled slightly 
different. 
Interior load test for SHS/RHS was modeled considering rigid segments (all 
degrees of freedom are restrained) in supports to avoid local crippling of the 
webs. The load was applied with deformation along longitudinal lines placed at 
the beginning of the section’s corner (see Figure 3.3).The contact face with the 
bearing length was considered as deformable. 
 
 
 
Figure 3.3 Internal support test 
 
Exterior load test 
 
The exterior load test was developed for multiple-web sections as SHS/RHS 
sections. The assumed numerical model applies the load along longitudinal 
lines (displacement) in the external support and in both section types. In 
SHS/RHS the loading plate is applied as a rigid face placed in the top flat part, 
shown in Figure 3.4. 
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Displacement 
(Load) 
 
 
 
Rigid face 
 
Figure 3.4 External support test 
 
 
4-point bending test 
 
Load and support positions were created according to Figure 3.5. The assumed 
numerical model applies the load along longitudinal lines (displacement) placed 
in the flat part in SHS/RHS. The support is modeled as a rigid face (all degrees 
of freedom are restrained). The length of the specimen is often equal to 
1000mm. 
 
 
 
 
 
       
 
Figure 3.5 4-Point bending test 
 
3.3.3.2 Element type 
 
The plug-in allows you to choose between different elements offered by Abaqus 
such as: S4, S4R, S4R5, S8R5, and S9R5.  
 
Linear S4R and quadratic S9R5 elements are widely employed in cold-formed 
steel numerical calculations. The former ones are used in Rasmussen et al. 
(2003) and Ellobody and Young (2005) for their simple application and because 
they are also included in Abaqus/GUI interface, while the latter ones are 
preferred in recent studies such as Jandera et al. (2008), Rossi et al. (2010) 
and Ashraf et al. (2006) as slightly more accurate and much more robust. 
Quadratic elements also offer more flexibility when modeling rounded corners 
avoiding large aspect ratios.  
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Figure 3.6 typical linear and quadratical  shell elements 
 
For this study we have chosen the S4R element which is the most suitable for 
carbon steel for his material simplicity. Is a thin sheet member which has been 
used successfully in similar analysis modeling RHS and SHS sections carbon 
steel, as well as studies of local buckling modes. 
 
3.3.3.3 Study of convergence of the mesh and corner segments 
 
The results of the study are better as the number of elements used is greater. 
Still, the computational cost that this implies a level of memory and computation 
time required to conduct a study of the optimal mesh, reaching a compromise 
between quality of the results and the resources used in their obtaining. 
The method of obtaining suitable mesh undergoes a convergence analysis. 
To do this, we have chosen a particular section and have obtained the last load 
values predicted for different mesh sizes (see the results in Figure 3.7). 
 
 
Figure 3.7 Resistance depending on the number of elements used 
 
 
A good enough mesh size is 7 mm, from that point tends to stabilize and 
computationally is an acceptable size of  
 
 
 
   
 
     elements. 
 
Another study which is important to do, because normally the material failure 
occurs at the corners of the section, is the study of convergence of the corners 
that is shown below in Figure 3.8. 
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Figure 3.8 Resistance depending on the number corner segments used 
 
 
3.3.4 Analysis definition 
 
Finally, the Plug-in allows to set the characteristics of the numerical model 
analysis that will be performed. Imperfections should be chosen to take account 
of (local and global), and the parameters of nonlinear analysis GMNIA 
(geometrically and materially non-linear analysis of the imperfect structure) and 
also the results you want to generate (report and materials analysis and 
resistance curves). 
 
 
 
 
Figure 3.9 Elastic resistance to instability based on the length of the element 
 
In the case of small-length elements, the imperfections that dominate the 
behavior of the elements are local. Therefore, taking into account the length of 
the elements to be analyzed, and given the local nature of the studied 
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phenomenon, have been neglected global imperfections, focusing on the 
influence of local. 
 
Local geometric imperfections 
 
There are different ways to analyze the geometric imperfections. When 
modeling experimental tests (Abaqus), real tested geometric imperfections or 
some ideal geometric imperfections are used to simulated the actual situation of 
the element. 
 
For the cases where not available starting actual geometry, the usual procedure 
is introduce as initial geometry or imperfect one which is homologous to the 
corresponding element of instability modes, with a range of different 
expressions defined imperfection. 
 
For the design and modeling of cold formed elements idealized distribution of 
imperfections is usually obtained from linear elastic analysis (LEA) finite 
element model. In some cases, only the first mode is used elastic instability, 
while others created linear combination representative modes (global, distortion, 
local, others ...). 
 
In the following figure, an example of a first buckling mode simulation by 
ABAQUS of a square hollow section (SHS) is presented. This is the most 
common image of a load case, but later is shown that the plug-in allows 
evaluating more than one buckling mode. 
 
 
Figure 3.10 Image RHS 1rst buckling mode 
 
In this work different definitions for these amplitudes are studied, and the results 
provided by each of these definitions are analyzed. The amplitudes were 
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determined as 1/10, 1/100 the thickness of the element based in Gardner and 
Chan (2007), Theofanous and Gardner (2009) and studies of lean duplex 
stainless steel in Theofanous and Gardner (2010). 
 
The plug-in allows calculating various buckling modes of the element, and 
defining what you want to enter as geometry of the imperfection, and the scale 
you want to give to this geometry. There will be a parallel study to the different 
definitions of the amplitude, in order to study the influence of the same in 
determining the ultimate strength of webs, and to determine the optimal way to 
define this range for each type of element and stainless steel. The first 5 
buckling modes of instability of a rectangular hollow section (RHS) are shown in 
Figure 3.11   
 
   
  
Figure 3.11 First 5 buckling models 
 
3.4 Calibration of the numerical model 
 
Before carrying out an exhaustive study of the behavior of the elements of 
carbon steel under concentrated loads, the numerical model employed must be 
calibrated. This calibration is performed by comparing the actual test results in 
certain elements and ultimate loads predicted by the numerical model. 
 
There has been no campaign of tests, but results are taken from tests carried 
out by other authors and have been published. The calibration was based on 
results Bock et al. (2013). These were based on different types of steel. We 
have calibrated the model for few of them with Mirambell-Real model. 
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In all cases this results are compared with the results provided by Abaqus with 
EN1993-1-3 (2006) and with the ultimate load experimental values published 
whether as obtained by numerical modeling. 
 
The web resistances to concentrated loads have been calculated using the 
expressions listed in EN1993-1-3 (2006). With no specific expressions for the 
RHS, we have used the parameters defined for profiled sheets, both for tests 
internal and external support. Thus, and as detailed in the following chapter on 
the specifications of EN1993-1-3 § 6.1.7.3 (see eq. 2.6 in Chapter 2 of this 
documnet) to local transverse loads, the expressions to be applied are the 
following: 
 
        
  √     
(     √r t)[    √          t ]         0)
 )
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(eq. 3.7) 
 
The edge load test corresponds to Category 1 (EOF), while the internal support 
to Category 2 (IOF), as shown in the following figures: 
 
So, applying that all angles are 90 degrees and   is the parameter 
corresponding to the sections of profiled sheet and omega sections for each of 
the load cases, the equation 3.7 for the web resistance is modified to the 
following equation 3.8: 
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(eq. 3.8) 
 
Only local imperfections has been taken into account, since it is the study of a 
local phenomenon, and studied the effect that different amplitudes of 
imperfections have on the determination of the ultimate load. 
The studied elements are summarized in the Figure 3.12. The labeling 
procedure has been obtained as the results from Bock et al. (2013), after the 
following figure is shown what the labels means for this four sections.  
Label Section t (mm)    (mm) E (MPa)     (MPa) L(mm) 
B1*S12 70x70x2 2 3 200 250 550 
B2*S244 120x60x4 4 4 200 250 550 
N1S230 80x80x3 3 3.5 200 300 550 
F1S430 100x100x3 3 1.5 200 300 550 
Figure 3.12 Sections features 
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Labeling:  
- The notation B2* (B1*, N1 and F1) indicates the material type. 
- The following letter and first number, S1 (S2), defines the section. 
- The following number indicates the thickness in mm. 
- The last number indicates if there is different internal radium from the 
normal size of that section. 
 
 
 
SHS 70x70x2 
 
 
RHS 60x120x4 
 
SHS 80x80x3  
SHS 100x100x3 
Figure 3.13 Sections in SHS and RHS 
 
The different materials properties are shown in Figure 3.14, where N1 is closer 
to austenitic steels with low n values. On the other hand, F1 studies the effect of 
increased strength due to cold-working with lower ratio than N1. In group N this 
   
     
  ratio is 2 but in F1 is equal to 1.4 which is a typical value for ferritic 
stainless steels such as 3Cr12 grade. 
 
Label n m E (MPa)     (MPa)    (mm)    (mm)    
B1* 10 3 200 250 262.2 300 0.4 
B2* 10 3 200 250 300 450 0.4 
N1 5 2.75 200 300 354.35 600 0.5 
F1 10 3.5 200 300 335.74 420 0.29 
Figure 3.14 Material models 
In Figure 3.15 are summarized the four different stress/strain relationship in 
where demonstrate the ultimate strain and the variability of their curves. 
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Figure 3.15 Different material stress/strain relationship 
 
Now the IOF ultimate load plug-in results are presented in the followings figures 
(3.16 to 3.19). The Eurocode results are based on EN1993-1-3 § 6.1.7.3 (eq. 
2.6) (Unstiffened multi-web sections) and the experimental are extracted from 
Bock et al. (2013). 
In Figure 3.16 is shown the similarity of the plug-in results with the experimental 
ones. By contrast, the EN1993-1-3 § 6.1.7.3 formula is considerably higher, this 
will be the most common in the IOF results. 
B1*S12 
Imperfection 
amplitude 
Plug-in (kN) Eurocode (kN) Experimental (kN) 
t/10 = 0.2 16.81 25.32 17.22 
t/100 = 0.02 17.03 
Figure 3.16 Ultimate loads for Internal support test, section 70x70x2 
 
As it seen in Figure 3.17 a higher ultimate load required the differences with the 
Eurocode are more clearer. 
B2*S244 
Imperfection 
amplitude 
Plug-in (kN) Eurocode (kN) Experimental (kN) 
t/10 = 0.4 68.14 115.32 68,43 
t/100 = 0.04 68.45 
Figure 3.17 Ultimate loads for Internal support test, section 120x60x4 
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For following the previous results, in Figure 3.18 EN1993-1-3 § 6.1.7.3 
outcomes is still over the experimental and plug-in results. 
N1S230 
Imperfection 
amplitude 
Plug-in (kN) Eurocode (kN) Experimental (kN) 
t/10 = 0.3 50.23 57.61 50.45 
t/100 = 0.03 50.66 
Figure 3.18 Ultimate loads for Internal support test, section 80x80x3 
 
Figure 3.19 is the unique IOF calibration test that Eurocode (eq. 2.6) results are 
not over the others. But the plug-in overcomes are still more similar to 
experimental one. 
F1S430 
Imperfection 
amplitude 
Plug-in (kN) Eurocode (kN) Experimental (kN) 
t/10 = 0.3 68.50 60.85 68.90 
t/100 = 0.03 69.10 
Figure 3.19 Ultimate loads for Internal support test, section 100x100x3 
 
In the following figure is shown the previous IOF results. In all the cases the two 
plug-in results are too similar to experimental Bock et al. (2013) results which 
seem superimposed. On the other hand, the Eurocode overcomes are very 
devious, especially in B2*S244 rectangular hollow section (RHS). 
 
Figure 3.20 Comparative Plug-in, Eurocode and Experimental in IOF test 
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After performing the IOF test, the EOF calibration has been carried out and the 
results are summarized in the four next figures (3.21 to 3.24).  
First one, Figure 3.21 shows that as the previous test, the plug-in outcomes are 
very similar to Bock et al. (2013) and, unlike before, the Eurocode formula does 
not overpredict the results, them are also more similar than the IOF test. 
B1*S12 
Imperfection 
amplitude 
Plug-in (kN) Eurocode (kN) Experimental (kN) 
t/10 = 0.2 19.82 15.28 19.86 
t/100 = 0.02 19.99 
Figure 3.21 Ultimate loads for External support test, section 70x70x2 
 
A higher ultimate load is needed in Figure 3.22, and the misalignment grows 
compared to Figure 3.21. 
B2*S244 
Imperfection 
amplitude 
Plug-in (kN) Eurocode (kN) Experimental (kN) 
t/10 = 0.4 61.09 44.32 61.16 
t/100 = 0.04 61.32 
Figure 3.22 Ultimate loads for External support test, section 120x60x4 
 
The two following Figures (3.23 and 3.24) have the greatest difference between 
the Eurocode results and the other two, plug-in and Bock et al. (2013) 
overcomes. This misalignment is better shown in Figure 3.25 where the results 
are represented. 
N1S230 
Imperfection 
amplitude 
Plug-in (kN) Eurocode (kN) Experimental (kN) 
t/10 = 0.3 48.05 28.80 48.07 
t/100 = 0.03 48.54 
Figure 3.23 Ultimate loads for External support test, section 80x80x3 
 
In Figure 3.24 another time  the plug-in ultimate loads are superimposed to the 
experimental results. 
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F1S430 
Imperfection 
amplitude 
Plug-in (kN) Eurocode (kN) Experimental (kN) 
t/10 = 0.3 53.89 30.43 53.86 
t/100 = 0.03 54.12 
Figure 3.24 Ultimate loads for External support test, section 100x100x3 
 
Figure 3.25 compares all the EOF calibration results of the four sections. There 
is only a difference with the same figure for the IOF test (figure 3.20), the 
Eurocode (EN1993-1-3 § 6.1.7.3) results are always underpredicted. 
 
Figure 3.25 Comparative Plug-in, Eurocode and Experimental in EOF test 
 
 
As can be seen in the results presented in Figure 3.19 and 3.24 the Plug-in 
error is minimum compared to Bock et al. (2013) experimental results in both 
IOF and EOF. However, the EN1993-1-3 § 6.1.7.3 is far from plug-in, and what 
was more unexpected  is that in three of four (SHS 70x70x2, 80x80x3 and RHS 
120x60x4) IOF test the Eurocode overpredicts the ultimate load.  
The effect of the local geometric imperfection is minimum, although the ultimate 
loads decrease as a function of the amplitude increases as it should be 
intuitively. Therefore, to continue with the parametric study, t/100 or t/10, 
depending on which test, will be used for initial imperfection. 
 
Is possibly to say that the model is calibrated enough to carry out the carbon 
steel parametric study and compare the outcomes with the new proposal (eq. 
2.12). 
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4- Parametric Study: Web crippling in carbon steel 
 
Once the numerical model proposed has been validated, may proceed 
conducting an extensive study of the web crippling phenomenon, to analyze the 
effect that different parameters have on the ultimate strength of the sections 
subject to local transverse forces and compare them with the new proposal (eq. 
2.12) to check if it fits better than the original expression in the EN1993-1-3 (eq. 
2.6). 
 
4.1- Parametric study definition 
 
This parametric study will be performed for two loading conditions defined for 
the web crippling, the internal and external support condition. The cross 
sections studied for the internal and the external support test are two square 
hollow sections (SHS) and one rectangular hollow section (RHS). The material 
used in the parametric study is a carbon steel.  
Furthermore, the effect of different parameters defining webs resistance 
according EN1993-1-3 § 6.1.7.3 will be analyzed: thickness, the fillet radius of 
the sections and the length of the zone application of the load. Also study the 
influence of the amplitude of the local imperfections considered in this 
resistance. 
4.1.1. Definition of performed tests 
 
Two different tests will be studied for this charge state (see Figure 4.1). In the 
first one, IST-1 has elements of a total length of 500mm, under load applied 
locally focused through a 25mm plate length. The beam is supported at both 
ends, with a length of 50mm support on each side, so that the web crippling of 
these sections is prevented. 
The second IST-2 has elements of 1000mm in length, supported so that they 
are cantilevered two 100mm on each side. Braces are 50mm each, and are 
prevented from buckling of the web. The charge is introduced into the center 
section through a 50mm plate. 
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Figure 4.1 Internal support test, external support test and 4-point bending test 
 
4.1.2. Material properties 
 
Due to low carbon steels diversity and linearity, only one single material has 
been studied. The model used for the stress-strain relationship is the Mirambell-
Real (eq. 3.1) for stainless steel but modifying the nonlinearity factor "n" to 
resemble it to carbon steel. In Figure 4.2, the main parameters of the steel and 
the nomenclature used for the study are summarized. 
Label    (GPa)      (MPa) n      (MPa)    (MPa) m     
B1 200 250 70 257.69 330 2 0.4 
Figure 4.2 Material model 
Figure 4.3 shows the previous B1 parameters into a stress/strain graph.  
 
 
Figure 4.3  Carbon steel stress/strain relationship 
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4.1.3. Sections analysis 
 
Three different cold formed steel sections will be studied: two square hollow 
sections 80x80 and 100x100 and a rectangular hollow section 100x80. For each 
section type one case with 3 mm thickness and 1.5 mm have been studied, and 
also two radium medium cases, 4 and 5 mm. The definition of those sections as 
well as the nomenclature to be used in the study is in Figure 4.4. 
Section Label Height 
(mm) 
Breadth 
(mm) 
Thickness 
(mm) 
   (mm) 
SHS 
80x80xt 
S1 80 80 1.5, 3 4, 5 
SHS 
100x100xt 
S2 100 100 1.5, 3 4, 5 
RHS 
100x80xt 
S3 100 80 1.5, 3 4, 5 
Figure 4.4 Sections characteristics for parametric study. 
 
The profiles of the different studied sections are shown in Figure 4.5. 
 
  
Figure 4.5 SHS 80x80, SHS 100x100 and RHS 100x80 sections. 
 
4.1.4 Initial imperfection 
 
The initial imperfections have been introduced by a previous study of other 
tests. It has seen that for greater accuracy must be entered between t/10 or 
t/100 imperfections depending on the type of test to be performed. In this case, 
to obtain results of the IOF has been taken t/100 but instead for EOF tests, and 
4-point bending (IOF) has been used t/10. 
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4.2 Parametrical study results 
 
Several modeling of elements subjected to web crippling have been carried out 
according to what has been shown in the preceding section, involving three 
different cross sections and different values of fillet radii and thicknesses for 
each of the charge states (internal and external ). Then, an specific test has 
been developed to S1, different radii and different plate bearing (    ) to see if 
there is an unusual value for EN1993-1-3 § 6.1.7.3 (eq. 2.6) or the new 
proposal formula (eq. 2.12) 
 
For each type of test, the results are presented by figures showing the different 
values of ultimate loads and compared with the new proposal (eq. 2.12). 
Likewise, these results are summarized in separate graphs, one for each set 
thicknesses. Also provided are the resistance values obtained for variations 
radii. 
 
4.2.1. INTERNAL SUPPORT TEST 
 
In this section will be presented the different IOF results for each section, and 
after that, the specific tests developed for the increments of fillet radius and the 
length of application load. 
Ultimate Load for S1 
Thickness (mm) and used 
formula 
  = 4   = 5 
t 
=
1
.5
 m
m
 
Plug-in 10.22 9.95 
Eurocode  11.90 11.32 
New Proposal  10.21 9.79 
t 
=
 3
m
m
 
Plug-in 39.31 35.5 
Eurocode 35.75 35.12 
New Proposal  34.75 32.43 
Figure 4.6 Ultimate load for IOF section SHS 80x80xt. 
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Figure 4.6 shows the comparative with the overcomes from the plug-in versus 
the results from the Eurocode (eq. 2.6) and the new proposal (eq. 2.12) with a 
filled radius of 4 mm and 5 mm.  
The previous results are summarized in two graphs in Figure 4.7. One for 
thickness 1.5mm and another for 3mm. 
  
Figure 4.7 Comparative Plug-in, EU and new proposal in SHS 80x80xt IOF 
test. 
 
Figure 4.8 presents an image of the performed IOF test in ABAQUS for square 
hollow section S1. 
 
Figure 4.8 Deformed section S1 of IOF test  
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The ultimate loads for section 2 are shown in Figure 4.9. As in the previous 
case there is a significant result difference between radius 4 mm and 5 mm with 
a higher thickness.  
Ultimate Load for S2 
Thickness (mm) and used 
formula 
  = 4   = 5 
t 
=
1
.5
 m
m
 
Plug-in 11.19 11.00 
Eurocode 13.30 12.85 
New Proposal 11.23 10.92 
t 
=
 3
m
m
 
Plug-in 42.94 38.85 
Eurocode 42.70 42.10 
New Proposal 41.27 38.29 
Figure 4.9 Ultimate load for IOF section SHS 100x100xt. 
 
In Figure 4.10 is introduced a graph to have a visual image of the results 
variability. This has been separated in two different (thickness 1,5 mm and 3 
mm) in order to have a greater view of the outcomes. 
 
 
Figure 4.10 Plug-in, Eurocode and new proposal in SHS 100x100xt IOF test. 
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The last results IOF table is shown in Figure 4.11. This indicated the outcomes 
for section S3. 
Ultimate Load for S3 
Thickness (mm) and used 
formula 
  = 4   = 5 
t 
=
1
.5
 m
m
 
Plug-in 10.98 10.75 
Eurocode 13.07 12.85 
New Proposal 11.06 10.92 
t 
=
 3
m
m
 
Plug-in 41.59 37.72 
Eurocode 40.89 40.29 
New Proposal 39.58 36.79 
Figure 4.11 Ultimate load for IOF section RHS 100x80xt. 
 
In Figure 4.12 is analyzed the obtained results from IOF test rectangular hollow 
section S3. 
  
Figure 4.12 Plug-in, Eurocode and new proposal in RHS 100x80xt IOF test. 
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Figure 4.13 shows the ultimate IOF load test of section S3 developed with 
ABAQUS. 
 
 
Figure 4.13 Deformed section S3 of IOF test  
 
 
Throughout the parametric study has appreciated a great dependence of the 
resistance versus radii of the sections in both, numerical and loads supplied in 
Eurocode 3, Part 1-3. Therefore, there has been a comprehensive study (see 
Figure 4.14) to discern the actual effect that radii presents. For this section has 
been studied 80x80x1.5, the square hollow section S1 with thickness 1.5 mm. 
 
The obtained results are: 
 
Ultimate Load 
Labeling Radii Plug-in Eurocode New proposal 
B1S113 3 11.75 13.47 11.73 
B1S114 4 10.22 11.90 10.21 
B1S115 5 9.95 11.32 9.79 
B1S116 6 9.78 10.72 9.52 
Figure 4.14 IOF comparative with different radii 
 
After this study is shown a graph, shown in Figure 3.15, which display in a more 
visible way the ultimate loads obtained in the previous table. In the four cases 
the Eurocode (eq. 2.6) overpredicts but as the radius increases the mismatch is 
reducing. On the other hand, a bigger radius increases the gap between the 
plug-in results and the news proposal (eq. 2.12). 
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Figure 4.15 Study of IOF section S1 with different radii 
 
 
A similar procedure has been carried out to verify the effect that the length of 
application of the transverse force      located inserted into the behavior of the 
elements. Studied section is the same as the radius study, and the lengths of 
load 25, 50, 75 and 100 mm (see figure 4.16). 
 
Ultimate Load 
Labeling    Plug-in Eurocode New proposal 
B1S114 25 10.22 11.90 10.21 
B1S11450 50 11.84 13.56 11.78 
B1S11475 75 13.87 15.34 13.35 
B1S114100 100 15.91 17.57 15.24 
Figure 4.16 IOF comparative with different plate length 
 
As occurs in the radii study, in Figure 4.17 is shown that as longer is the plate 
length the gap between the plug-in results and the news proposal (eq. 2.12) 
increases. Also the Eurocode (eq. 2.6) results are the highest.  
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Figure 4.17 Study of IOF section S1 with different Ss 
 
 
4.2.2. EXTERNAL SUPPORT TEST 
 
A similar analysis done for IOF has been carried out for external support test. 
Here will be presented the EOF results for each section and developed the 
specific tests for increment of fillet radius and for the increment of length of 
application load. 
Ultimate Load for S1 
Thickness (mm) and used 
formula 
  = 4   = 5 
t 
=
1
.5
 m
m
 
Plug-in 11.00 9.80 
Eurocode 5.99 5.84 
New Proposal 6.90 7.03 
t 
=
 3
m
m
 
Plug-in 38.47 39.10 
Eurocode 22.36 21.95 
New Proposal 31.78 28.99 
Figure 4.18 Ultimate load for EOF section SHS 80x80xt 
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Figure 4.18 displays the comparative with the overcomes from the plug-in 
versus the results from the Eurocode (eq. 2.6) and the new proposal (eq. 2.12) 
with a filled radius of 4 mm and 5 mm.  
The previous results are shown in the following graph. In Figure 4.19 are 
separated overcomes according to their thickness. 
  
Figure 4.19 Comparative Plug-in, Eurocode and new proposal in SHS 80x80xt EOF test. 
 
In Figure 4.20 is summarized the ultimate loads for section S2. The plug-in 
results provide an ultimate load considerably higher than the expected. 
Eurocode (eq. 2.6) results are almost the half, the apparition of the new 
proposal (2.12) reduces this difference but is still far from the plug-in. 
Ultimate Load for S2 
Thickness (mm) and used 
formula 
  = 4   = 5 
t 
=
1
.5
 m
m
 
Plug-in 11.50 10.09 
Eurocode 5.99 5.84 
New Proposal 6.90 7.03 
t 
=
 3
m
m
 
Plug-in 42.65 38.51 
Eurocode 22.36 21.95 
New Proposal 31.78 28.99 
Figure 4.20 Ultimate load for EOF section SHS 100x100xt. 
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Now is shown a graph with the overcomes of the EOF test section S2. These 
are distinguished for their thickness (see Figure 4.21).  
  
Figure 4.21 Plug-in, Eurocode and new proposal in SHS 80x80xt EOF test. 
 
 
The image below (Figure 4.22) displays the ultimate load in a EOF test, 
concretely the square hollow section S2. Can be observed that is the end of the 
span where the failure occurs. 
 
 
Figure 4.22 Deformed section S2 of EOF test  
 
The last performed EOF test is for the rectangular hollow section S3 shown in 
Figure 4.23. As the other two studies, in this case is also a huge difference 
between Eurocode (eq. 2.6) and the plug-in results.  
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Ultimate Load for S3 
Thickness (mm) and used 
formula 
  = 4   = 5 
t 
=
1
.5
 m
m
 
Plug-in 11.35 9.99 
Eurocode 5.99 5.84 
New Proposal 6.90 7.03 
t 
=
 3
m
m
 
Plug-in 40.55 37.72 
Eurocode 22.36 21.95 
New Proposal 31.78 28.99 
Figure 4.23 Ultimate load for EOF section RHS 100x80xt. 
 
The graph in Figure 4.24 demonstrates that for higher thicknesses the new 
proposal (eq. 2.12) approaches to the plug-in overcomes. Meanwhile in thinner 
sections this proposal is very similar to the Eurocode (eq. 2.6). 
  
Figure 4.24 Plug-in, Eurocode and new proposal in SHS 80x80xt EOF test. 
 
 
As done in IOF test, proceed to analyze the influence radii (see Figure 4.25). 
Using the same section (S1) and the same radii (3, 4, 5 and 6 mm) as the 
previous study. 
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The obtained results are: 
 
Ultimate Load 
Labeling Radii Plug-in Eurocode New proposal 
B1S113 3 12.29 6.16 7.12 
B1S114 4 11.00 5.99 6.90 
B1S115 5 9.80 5.84 7.03 
B1S116 6 8.92 5.71 7.37 
Figure 4.25 EOF comparative with different radii 
 
These results show that although the new proposal (eq. 2.12) is more similar to 
the plug-in results, as the fillet radius increases this proposal rises its results 
and the plug-in ones fall down. This overcomes are summarized in Figure 4.26. 
 
Figure 4.26 Study of EOF section S1 with different radii 
 
Finally, verify the effect that the length of application of the transverse force      
located inserted into the behavior of the elements. Studied section and lengths 
of load are the same as the IOF one. In this case the Eurocode formula (eq. 
2.6) ignores de plate length and has no changes.  
 
Ultimate Load 
Labeling    Plug-in Eurocode New proposal 
B1S11425 25 8.35 5.99 6.69 
B1S114 50 11.00 5.99 6.90 
B1S11475 75 12.10 5.99 7.06 
B1S114100 100 12.46 5.99 7.19 
Figure 4.27 EOF comparative with different plate length 
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Figure 4.28 shows the same result for the Eurocode (eq. 2.6), a small increment 
in the new proposal (eq.2.12), too little to catch the large increase in the plug-in 
results. 
 
 
 
A comparison analysis of all these results, taking in to account the different 
loading situations (IOF or EOF), different radius increment and the effect of the 
increment of the length of application load, will be done in the next section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 4.28 Study of EOF section S1 with different Ss 
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5- Analysis results 
 
The following is an analysis of the results presented in the previous section, by 
comparing the ultimate loads obtained with the values predicted by EN 1993-1-
3 (eq. 2.6) with the ones obtained using the new proposal (eq. 2.12), in order to 
study the applicability of this proposal for stainless steel to carbon steel. The 
influence of the fillet radius and the length of application load are also studied. 
 
5.1 Internal support test 
 
After performing the tests shown in previous section in Figures 4.6, 4.9 and 
4.11, a variation of the numerical results respect to the obtained with EN1993-1-
3 (eq. 2.6) is seen in Figure 5.1. Moreover, the overcomes obtained from 
EN1993-1-3 (eq. 2.6) generally overpredict the ultimate load; that is a huge 
trouble because the section does not resist the plug-in ultimate load. With the 
new proposal (eq. 2.12) this misalignment still exists, only in few cases, but is 
decreased significantly.  
The few cases where the new proposal (eq. 2.12) is overpredicted are in the 
thinner sections which say that this proposal will work with thicknesses above 
1.5 mm the displacements there are between -1.62% and 0.75%. 
Label Plug-in 
 
Eurocode  New 
proposal 
            
        
     
            
        
     
B1S114 10.22 11.90 
 
10.21 -16.41 
 
0.10 
B1S115 9.95 11.32 
 
9.79 -17.15 
 
-0.97 
B1S124 39.31 35.75 
 
34.74 9.05 
 
11.61 
B1S125 35.5 35.12 
 
32.43 1.07 
 
8.65 
B1S214 11.19 13.30 
 
11.23 -18.90 
 
-0.35 
B1S215 11 12.85 
 
10.92 -16.77 
 
0.75 
B1S224 42.94 42.70 
 
41.27 0.57 
 
3.90 
B1S225 38.85 42.10 
 
38.29 -8.37 
 
1.43 
B1S314 10.98 
13.07 
11.06 
-18.99 
-0.71 
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B1S315 10.75 12.85 
 
10.92 -19.57 
 
-1.62 
B1S324 41.59 40.89 
 
39.58 1.68 
 
4.84 
B1S325 37.72 40.29 
 
36.79 -6.82 
 
2.46 
Average -9.22 2.51 
Figure 5.1 Deviation of the new proposal (   ) and the Eurocode (   ) IOF. 
The new proposal has few errors in thinner sections but small enough to give it 
validity. Now, go in depth with the two studies, the fillet radius and the length of 
application load. 
5.1.1 Study of the influence of the radius 
 
This study is based in the previous obtained results in Figure 4.21. In the 
following table is seen an influence of the fillet radius . From the first result 
(radius=3mm) to the last one (radius=6mm) the results follow a downward 
trend. Furthermore, considering the values obtained in Figure 5.2, it can be 
seen how the predicted loads in Eurocode (eq. 2.6) tends to resemble reality as 
bigger is the fillet radius. By contrast, the first result does not follow the 
standard. On the other hand, the new proposal (eq. 2.12) seems to be the 
opposite as the Eurocode (eq. 2.6), as higher radius more conservative is, but 
the main difference is that this always is conservative and do not overpredicts 
like the EN1993-1-3 § 6.1.7.3   formula. Studied radius (r=3, 4, 5 and 6 mm). 
Label Plug-in 
 
Eurocode  New 
proposal 
            
        
     
            
        
     
B1S113 
 
11.75 
 
13.47 
 
11.73 
 
-14.67 
 
0.13 
 
B1S114 10.22 11.90 
 
10.21 
 
-16.41 
 
0.10 
 
B1S115 
 
9.95 
 
11.32 
 
9.79 
 
-13.75 
 
1.56 
 
B1S116 
 
9.78 
 
10.72 
 
9.52 
 
-9.56 
 
2.68 
 
Average 
 
-13.60 1.12 
Figure 5.2 Influence of the radius section S1 IOF test. 
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5.1.2 Study of the length of application load 
 
In Figure 5.3 can be observed the importance of the length of application for the 
ultimate load as larger is the plate length higher is the load. This table is an 
extension of Figure 4.16 to clarify results. The Eurocode results (eq.2.6) follows 
the previous case, the fillet radius case, as longer is the length of application 
better fix, always overpredicts in all IOF test (average of -12.98%). On the other 
hand, the new proposal (eq. 2.12) suits perfectly for different length load and 
have a conservative involving with an average of 2.12%. 
Label Plug-in 
 
Eurocode  New 
proposal 
            
        
     
            
        
     
B1S114 10.22 11.90 10.21 -16.41 
 
0.10 
 
B1S1150 
 
11.84 
 
13.56 11.78 -14.51 
 
0.53 
 
B1S1175 
 
13.87 
 
15.34 13.35 -10.57 
 
3.72 
 
B1S11100 
 
15.91 
 
17.57 15.24 -10.44 
 
4.22 
 
Average 
 
-12.98 2.12 
Figure 5.3 Influence of length application load section S1 IOF test. 
 
5.2 External support test 
 
Like the internal results, the following table is based on a previous results 
summarized in Figures 4.18, 4.20 and 4.23. 
The tested results in Figure 5.4 are completely opposite to the previous, the IOF 
test. In EOF test the main problem of Eurocode formula (eq. 2.6) is that is 
extremely conservative. The appearance of the new proposal (eq. 2.12) 
reduces the displacements but there still be a huge difference underpredicting.  
This misalignment in this proposal is clearly shown with smaller thicknesses 
where the displacement is between the 20% and the 40%. On the other hand, 
with 3 mm of thickness this mismatch decreases from 17% to 24%. Meanwhile, 
the displacement of the Eurocode formula (eq. 2.6) never drops from de 39%. 
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Label Plug-in 
 
Eurocode  New 
proposal 
            
        
     
            
        
     
B1S114 11.00 
 
5.99 
 
6.90 
 
45.59 
 
37.31 
 
B1S115 9.80 
 
5.84 
 
7.03 
 
40.44 
 
28.31 
 
B1S124 38.48 
 
22.36 
 
31.78 
 
41.88 
 
17.40 
 
B1S125 36.10 
 
21.95 
 
28.99 
 
39.19 
 
19.69 
 
B1S214 11.50 
 
5.99 
 
6.90 
 
47.93 
 
40.01 
 
B1S215 10.09 
 
5.84 
 
7.03 
 
42.12 
 
30.33 
 
B1S224 42.65 
 
22.36 
 
31.78 
 
47.57 
 
25.49 
 
B1S225 38.51 
 
21.95 
 
28.99 
 
43.00 
 
24.72 
 
B1S314 11.35 
 
5.99 
 
6.90 
 
47.24 
 
39.21 
 
B1S315 9.99 
 
5.84 
 
7.03 
 
41.56 
 
29.65 
 
B1S324 40.55 
 
22.36 
 
31.78 
 
44.86 
 
21.63 
 
B1S325 37.72 
 
21.95 
 
28.99 
 
41.80 
 
23.14 
 
Average 
 
43.60 28.07 
Figure 5.4 Deviation of the new proposal (   ) and the Eurocode (   ) EOF. 
 
5.2.1 Study of the influence of the radius 
 
As seen in the IOF test fillet radius in Figure 4.25, there is a huge influence of 
this to the ultimate load. That importance is obviously because in the radius is 
where the section fails, and as longer is this radius lowest will be the ultimate 
load. 
The most interesting thing in Figure 5.5 is see the evolution of the Eurocode 
(eq. 2.6) and the new proposal (eq. 2.12). In the first case, there is a reducing 
ultimate load as the radius increases like occur in the plug-in, but this results 
are far away from the plug-in. On the new proposal (eq. 2.12) case, is a strange 
result with a linear increasing results (on the contrary of Plug-in results) but its 
first result is higher than the second (7.12 kN to 6.90 kN).   
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The little changes in the new proposal (eq. 2.12) makes that with larger radius 
the results tends to fit better (42.08% with radius=3mm and 17.39% with 
radius=6mm) 
Label Plug-in 
 
Eurocode  New 
proposal 
            
        
     
            
        
     
B1S113 
 
12.29 
 
6.16 
 
7.12 
 
49.86 
 
42.08 
 
B1S114 
 
11.00 
 
5.99 
 
6.90 
 
45.59 
 
37.31 
 
B1S115 
 
9.80 
 
5.84 
 
7.03 
 
40.44 
 
28.31 
 
B1S116 
 
8.92 
 
5.71 
 
7.37 
 
36.01 
 
17.39 
 
Average 
 
42.97 31.27 
Figure 5.5 Influence of the radius section S1 EOF test. 
 
5.2.2 Study of the length of application load 
 
The following table is based on a previous results table summarized in Figure 
4.27. 
Compared to the IOF length of application load table (Figure 3) there is a 
difference in the Eurocode formula (eq. 2.6). EOF, for the Eurocode, ignores the 
length of application (    ), that is the reason for the same value in four cases 
(5.99 kN). 
For the new proposal (eq. 2.12) the length increase does not help, rather the 
opposite, as larger is the application load bigger is the displacement, this is 
caused by a little increment tend of the proposal cases compared to plug-in 
results. In the first step, from 25 mm to 50 mm of length the mismatch is 
triggered (19.87 to 37.31%), but in the other cases this increment is more 
normal and follows a stabilization curve.  
The reason for that is a stabilization of the plug-in results. 
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Label Plug-in 
 
Eurocode  New 
proposal 
            
        
     
            
        
     
B1S1125 
 
8.35 
 
5.99 
 
6.69 
 
28.28 
 
19.87 
 
B1S114 
 
11.00 
 
5.99 
 
6.90 
 
45.59 
 
37.31 
 
B1S1175 
 
12.11 
 
5.99 
 
7.06 
 
50.54 
 
41.69 
 
B1S11100 
 
12.47 
 
5.99 
 
7.19 
 
51.97 
 
42.29 
 
Average 
 
44.10 35.29 
Figure 5.6 Influence of length application load section S1 EOF test. 
 
After the parametric study and the analysis result in IOF and EOF test for this 
three different sections and the two particular studies a conclusion is reached. 
Is needed a more detailed study for external support test in order to improve the 
new proposal (eq. 2.12) for validate this for all square and rectangular hollow 
sections. 
The found mismatch in Eurocode (eq. 2.6) IOF test has been fixed to perfection 
with the new proposal (eq. 2.12) until changes in the radium and the length of 
the application load. However, although is an improvement of the results in this 
proposal to EOF test, the reduction of the ultimate loads in the radius study and 
the imperceptible change in the influence of length of application load has to be 
studied further. 
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6- Conclusions 
 
The behavior of cold-formed elements under concentrated loads, or web 
crippling, is a local instability phenomenon very complex in which many 
parameters are involved, and although there have been several studies to date, 
is essential to do a thorough analysis . 
The European existing rules regarding expressions web crippling are 
statistically adjusted data from being made in carbon steel but the mismatch of 
the EN1993-1-3: (2006) 3 § 6.1.7.3 (Unstiffened multi-web sections) for different 
steel types (including carbon steel) has forced the study of a new proposal to fit 
its needs. The proposal in this study case has been developed in Bock et al. 
(2013) for stainless steel framed a SAFSS project where the department of 
construction engineering in the Universitat Politècnica de Catalunya (UPC) is 
one of the partners. This verified proposal for stainless steels needs to test its 
usefulness for carbon steel. 
In view of the complexity of the studied phenomenon, experimentation, and 
failing, the use of numerical methods are presented as a strong tool, allowing 
the modeling of reality in a quick, convenient and cheap. Still, it is essential to 
check that these numerical methods effectively represent reality, in order to use 
them as substitutes for reality. Therefore, they must be calibrated by performing 
a pilot test. 
As for the development of this minor thesis has not been presented the 
opportunity to realize tests about the studied phenomenon, the numerical 
models are calibrated from experimental data collected in the case studies. The 
results of those tests and those obtained by numerical modeling are very 
similar, but it has been impossible to achieve exactly modeling experiments. 
There are three main conclusions after performing this minor thesis and these 
are explained in the following paragraphs: 
First of all, an extremely complicated numerical model (ABAQUS software) has 
been used for performing the Plug-in analysis, by the fact of the high sensibility 
details as the length of application load, the initial local imperfection (using a 
buckle analysis and deciding the direction and its magnitude), the non-trivial 
obtaining      parameter.  
 
The second one is the behavior of the parametric study. Several parameters are 
involved a plug-in result such as fillet radius, thickness, length of the application 
load, defined profiles...and all of them cause variations in the ultimate load. For 
example, as bigger is the fillet radius lower will be the results in the same 
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section just changing the radius; or as larger is the length of the application load 
higher will be the ultimate load for that cross-section. 
 
Finally, the conduct of the new proposal (eq. 6.12) versus the EN1993-1-3 
formula in the plug-in results. This last conclusion is separated in two smallest 
ones about the IOF and the EOF tests. 
 1. IOF: 
In the internal test the results obtained of the plug-in are not the initially 
expected from EN1993-1-3 § 6.1.7.3. Eurocode is on the insecure side, giving 
overpredicted ultimate loads. On the other hand the new proposal decreases 
the results of the EN1993-1-3 and in most of the cases is not overpredicted.  
The two specific studies for IOF test (increasing fillet radius and length of 
application load) has been observed that in the first one, the new proposal if 
extremely accurate as soon as for the plate length. 
 2. EOF: 
Whereas in internal test obtained unexpected EN1993-1-3 results, for this test 
both the EN1993-1-3 and the new proposal (eq. 2.12) results are on the 
expected side. The main problem of this test is the large mismatch between 
plug-in results and EN1993-1-3, Eurocode is highly conservative. The new 
proposal reduces this gap but is still very conservative. 
In this case, the study of the filled radius proves that an erroneous sequential is 
followed for the new proposal. While plug-in, and also EN1993-1-3, ultimate 
load decreases when the radius increases, the new proposal does the opposite.  
For the length of application load EN1993-1-3 remains constant because the 
plate length does not influence the formula. Plug-in ultimate load increases with 
a larger length of application load as the new proposal, but last one does it very 
slowly and with larger plate length differences with plug-in are high. 
 
 
In conclusion, future work research is needed with experimental test results and 
more types of cross-section studied as hat section, channel sections or l 
sections in order to validate and adjust the new proposal for stainless steel for 
carbon steel. 
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